To address the low performance of health care service delivery in the half-market system, the Chinese government has begun to advocate the medical alliance (MA) recently. Instead of strict regulations on the procedure of diagnosis and treatment, flexible resource sharing among medical institutions of different grades inside each MA is encouraged. By now, many attempts have been made for MA establishment from different perspectives, but there is no effective model maturely developed. For the promotion of the spatial accessibility to medical services at different levels, it is important to organize the hierarchial medial services according to the distributions of different grades of health care facilities in a city. With the city proper of Tianjin as the study case, we explored the optimal establishment of MAs using the geographic information system (GIS). By means of the Voronoi Diagrams, the service regions of different medical institutions were precisely defined and the organizational structure of hierarchical medical services in MAs was determined. Through interpolation analysis, accessibility to different levels of medical services was measured, and on this basis, discussions were conducted on the service efficiency of the MAs. According to the results from Tianjin, (1) under the proposed organizational model for MAs, the fit of the service regions of the first grade and the other two higher grades of medical institutions was good. but the fit of the second and the third grade medical institutions was insufficient. (2) Although the overall service efficiency was excellent, there were still deficiencies in a number of the MAs. (3) Increasing the number of second and third grade medical institutions in specific regions near the city's edge, as well as the number of first grade institutions, could further improve the performance of hierarchical medical services.
Introduction
Public health is one of the key concerns of sustainable development. Over the past few decades, China has witnessed a remarkable growth in economy and a great rise in the living standards of the people [1] [2] [3] . In line with socioeconomic progress, more public funds are now being poured into health care in an attempt to provide the society with enriched medical services. However, improvement of physical conditions does not essentially lead to the efficient operation of a system [4] . The poor access to medical services is still widely criticized by the public, especially in big cities [5, 6] . To promote the performance of health care service delivery, a number of reform programs have been implemented [7] [8] [9] [10] , including the introduction of prepaid medical insurance, the establishment of health care cloud platforms, and the rigorous development of community health care. Nevertheless,
Materials and Methods

Materials Section
As one of the four municipalities under direct control of the central government and the northern economic center of China, Tianjin is a typical fast developing big city with more than 15 million people. Compared with the environs and the outer suburbs, the six districts (Heping, Nankai, Hebei, Hedong, Hexi, Hongqiao) that compose the city proper are the core regions, with the most dense populations and well-developed infrastructure (see Figure 1 ). Considering its merits in the health care environment, the city proper of Tianjin was chosen as the case study of our research. Meanwhile, according to the statistics of the local Civil Affairs Bureau, there are 2653 residential communities corresponding to six administrative districts. With the point of interest (POI) data obtained from navigation maps, it was possible to determine the exact spatial distributions of medical institutions and residential communities in the area (see Figure 2) .
According to the supporting documents of the standards for public service facilities [39] , health care and the medical service system construction plan [40] , the standard service radii of the third grade, second grade, and first grade medical institutions are about 3000 m, 2000 m, and 500 m respectively. For intuitive descriptions of the opportunities to acquire health care services in daily life, the coverage frequency index (CFI) was calculated via the following function:
where CFI(p) stands for coverage frequency index at the point of p; N1, N2, and N3 are the total number of first, second, and third grade medical institutions; C1(n,p), C2(m,p) , and C3 (t,p) The medical institutions in China are generally divided into three grades. From the first grade to the third grade, the service capacity of the institutions becomes increasingly stronger. According to the designated medical institution directory produced by the Municipal Human Resources and Social Security Bureau, in and near the city proper of Tianjin, there are a total of: Meanwhile, according to the statistics of the local Civil Affairs Bureau, there are 2653 residential communities corresponding to six administrative districts. With the point of interest (POI) data obtained from navigation maps, it was possible to determine the exact spatial distributions of medical institutions and residential communities in the area (see Figure 2 ). As a parameter that reflects the richness of medical resources in the local area, the CFI records the times that a specific location is covered by the service scope of various medical institutions. Indicated by the spatial representation of CFI, the level of health care resources generally decreases According to the supporting documents of the standards for public service facilities [39] , health care and the medical service system construction plan [40] , the standard service radii of the third grade, second grade, and first grade medical institutions are about 3000 m, 2000 m, and 500 m respectively. For intuitive descriptions of the opportunities to acquire health care services in daily life, the coverage frequency index (CFI) was calculated via the following function:
where CFI(p) stands for coverage frequency index at the point of p; N 1 , N 2 , and N 3 are the total number of first, second, and third grade medical institutions; C 1 (n,p), C 2 (m,p), and C 3 (t,p) are the status descriptors indicating whether the point p was within the service radius range of n first grade, m second grade, and t third grade medical institutions, respectively. As a parameter that reflects the richness of medical resources in the local area, the CFI records the times that a specific location is covered by the service scope of various medical institutions. Indicated by the spatial representation of CFI, the level of health care resources generally decreases from the city center to the outskirts (see Figure 3 ). While there are still some places with very low CFI (<1), such as the southeast of the Hedong district, the south of the Hexi district, the border area between the Hexi district and the Nankai district, and the west of both the Nankai and the Hongqiao district, over 90% of the city proper has a high CFI (>2). However, good foundations do not necessarily mean good services. To ensure high-efficiency health care services in the city proper, it is critical to organize medical resources in a sensible way.
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Methods Section
Spatial Organization of Medical Services Based on the Voronoi Diagram
The Voronoi diagram is a popular tool in computational geometry [41] . According to the principle of closest proximity, it divides an area into a number of polygonal regions that illustrate the vicinity of any point against all the others. Due to this capability to effectively demarcate the borders of targeted objects, Voronoi diagrams are widely used in spatial structure analyses of activities and interactions [42] [43] [44] .
With consideration for spatial accessibility, the most efficient health care services are obviously those delivered from the nearest medical institutions. Thus, for optimal organization of medical services, we propose figuring out the service scopes and spatial relationships of various medical institutions by means of the Voronoi diagrams. With reference to the relative locations of medical institutions, the geography of a city is divided into different medical service regions. Each region covers all the points that are closest to a certain medical institution, and the size of the region is mainly determined by the distribution density of similar institutions in the surrounding area. According to the grading of medical institutions, different levels of medical service regions can be expressed with following formulas:
where V i stands for the medical service regions of all the institutions of grade i; Vor i,j stands for the medical service region of the grade i institution j, P i refers to the set of all the medical institutions of grade i, x refers to an arbitrary point in the geographical space, p i,j and p i,k are the locations of the grade i institutions j and k, and d(x,p i,j ) and d(x,p i,k ) represent the Euclidean distances from point x to p i,j and p i,k . Due to the differences in service capability and regional scope, medical institutions of different grades can constitute a network of medical services. As the provider of the highest level health care services, the third grade medical institutions generally determine the territories of MAs. Meanwhile, the spatial coverage of mid-level and lowest level medical services within each MA territory are mainly defined by the Voronoi diagrams of the second and first grade institutions.
Measuring Accessibility and Evaluating the Service Efficiency of MAs
Under the specified organization of medical services, the efficiency of each MA is evaluated with reference to the spatial accessibility to the involved medical institutions. To figure out the effective service range of a MA, the accessibility index at any point of a territory can be calculated and, based on the spatial distribution of residential communities, the practical effects of medical services at different levels can be assessed to score the MA.
The measurement of accessibility can be calculated via a number of methods [45] and for different precisions [46] . Apart from the works to decide the travel needs of patients, the supply levels of health care services, and the opportunity for service acquirement [47] , we focused on the maximum coverage of medical services. For simplicity, we ignored all the local features (e.g., variations in road density, traffic conditions, and service demands) within the MA territory, spatial interpolation analysis was adopted to calculate the service accessibility index. The availability of medical services from all the related facilities was taken into account. With the basic assumption that the accessibility metrics decreased with increasing distance [48, 49] , the inverse distance weighted (IDW) interpolation method [50] was employed as a means to quantitatively measure the accessibility of each medical institution at any point. The maximum accessibility to different medical institutions of the same grade was regarded as the accessibility to the corresponding level of medical service. Thus, the accessibility indexes can be calculated with the following interpolation function:
where a i (S 0 ) stands for the accessibility index for the medical service provided by the i grade medical institutions at a location S 0 , IDW i,j (S 0 ) stands for the IDW interpolation value of the accessibility to the i grade medical institution j at the location S 0 , c i,j is the service provision capability of the i grade medical institution j, d i,j (S 0 ) is the distance between S 0 and the i grade medical institution j, and p (≥0) refers to inverse distance weighing power that determines the decreasing rate of service capability with distance. With reference to the accessibility index obtained through the spatial interpolation analysis and the service standard of the medical institution (see Section 2.1 for details), it was simple to determine the proportion of residential communities with high accessibility (above the standard) to different levels of health care services within the territories of the MAs. In view of the ratios of residential communities with advantageous conditions concerning medical services, the efficiency of each MA was evaluated with the following formulas:
where O p stands for all the residential communities within the service region of the p MA, C h (O p ) refers to the proportions of residential communities with high accessibility to health care services provided by the h grade medical institutions, x is any one residential community in O p , a h (x) is the accessibility index for the h grade medical institutions at the location of the x community, STD h is the standard accessibility for the h grade medical institutions, e h (O p ) stands for the service efficiency score of the h grade medical institutions on the O p , and Num(C h (O p )) and Num(O p ) are the numbers of privileged communities C h (O p ) and total communities O p .
Results
Organizational Structure Determination of Hierarchical Medical Services
To decide the proper service regions of MAs in the city proper of Tianjin, the Voronoi diagrams were generated among different grade medical institutions:
• Based on the spatial distribution of the third grade medical institutions, the geographical space of the city proper was roughly divided into 18 different zones, representing the highest level service regions of MAs (see Figure 4a ). As it was hard to ensure the coincidence between the borders of service regions and boundaries of administrative districts, especially when the medical institutions were located near the boundaries of administrative districts, many MAs inevitably involved trans-regional medical service delivery.
• Similarly, the mid-level service regions of MAs were delimited with reference to the spatial distribution of second grade medical institutions (see Figure 4b ). Due to the unequal distribution of hospitals, the service regions varied greatly in the city proper. The organizational structure of the mid-level service regions generally conformed to the decreasing trend of urbanization level from the city center to the outskirts. While small service regions were brought about by the high density of hospitals located in the heartland of the city, most of the medical institutions had to serve comparatively larger areas in the peripheral regions.
•
The lowest level service regions of MAs were determined by the distribution of first grade medical institutions and reflected the spatial structure of primary health care service delivery in the city proper (see Figure 4c ). Benefiting from social infrastructure developments at the neighborhood level in recent decades, the high density of community clinics really contributed to the equalization of health care services in the city. Except for some parts at the southeast corner, the area of most service regions was small enough to ensure accessibility to daily medical treatments within the neighborhoods.
Overlapping the service regions at different levels, the spatial compatibility of different grade medical institutions in the provision of hierarchical medical services was demonstrated (see Figure 4d) . Due to the high density and approximately uniform distribution of the first grade medical institutions, most of the lowest level service regions fit well within the service regions of higher levels. However, because of uncoordinated planning and the development of a hierarchical health care system [51] , the fit of the service regions of the second and the third grade medical institutions was not so good.
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Discussion of the Practical Service Efficiency of MAs
Ignoring the difference in service capability, c i,j , among the medical institutions of the same grade, the accessibility, a i (S 0 ), to certain levels of medical service was only related to the distance factor, d i,j (S 0 ), (see Section 2.2.2 for details). Thus, through spatial interpolation analysis, the nearest distance to medical institutions was resolved as the direct indicator of accessibility for service efficiency evaluation of MAs in the city proper of Tianjin.
According to the interpolation result of spatial accessibility to third grade medical institutions, most of the city proper had good access to medical services (see Figure 7) . Specifically, about 90% were within the warm colored area (≤3000 m standard service radius) of the third grade hospitals. With respect to the service scope of medical institutions, the residential communities within the small territories of the MAs always enjoyed more convenient medical services. On the contrary, the residential communities located in the large territories, especially in MA No. 4, No. 5, No. 8 and No. 17 at the northwest and southeast corners, sometimes suffered from poor accessibility to high-quality medical services.
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Conclusions
How to provide more efficient health care services to the public is a challenge faced by governments around the world. For a long time, most of the attention has been given to the requirements of the people and work has been done to increase health care service options and enhance the convenience of medical treatments. Nevertheless, from the side of consumers, the free choice and convenience of individual treatments does not necessarily, in practice, mean efficiency. The delivery of public health services should consider not only the allocation of medical resources in the physical world, but also the coordination and management of medical institutions.
In China, although hierarchical health care infrastructures are readily available, marketization of the health care system has resulted in serious patient congestion in large hospitals and low utilization of medical resources at the community level. For better management of health care resources at all levels, the MA was especially advocated by the Chinese government. As an initial study of the establishment of MAs in the city, the organization of hierarchical medical services and service efficiencies of MAs were discussed with consideration for the spatial accessibility.
Using the city proper of Tianjin as the study case, Voronoi diagrams were generated to define the service regions of medical institutions and the organizational structure of hierarchical medical services. Furthermore, through spatial interpolation analyses, the accessibility of medical services at different levels was measured for the discussion surrounding the service efficiency of MAs. According to the results, all the hospitals and clinics in and near the city proper were grouped into 18 MAs of different sizes. The fitness between the service regions of the first grade and the two higher grade medical institutions was much better than that between the second and the third grade institutions. Most of the residential communities were well connected to hierarchical medical services, with the exception of a number of MAs where there were certain deficiencies. Geographically, the high grade medical institutions were inadequate in the regions at the edge of the city and, contrary to common belief, more community clinics are still needed in parts of the city proper.
The findings of this initial research on the spatial organization of hierarchical medical services provide an important knowledge base for the future planning and implementation of MAs in the city. 
The findings of this initial research on the spatial organization of hierarchical medical services provide an important knowledge base for the future planning and implementation of MAs in the city. Further works are necessary to determine the final composition of MAs and alter the current patterns of health service provision and utilization. In order to establish MAs with balanced medical services, the service capability of each medical institution and the dwelling population of every residential community could be considered in the determination of the health care service structure. For a more precise definition of the medical service regions, the travelling time from each residential community to different medical institutions may be calculated based on the road network and daily traffic conditions.
